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ABSTRACT: We introduce the direct ionic substitution strategy of generating strongly electron-
accepting ionic motifs and showcase its utility by synthesizing and characterizing a series of 
ionic azaquinodimethane (iAQM) compounds. The facile introduction of cationic substituents 
onto the quinoidal para-azaquinodimethane (AQM) core gives rise to a strongly electron-
accepting building block, which can be readily employed in the synthesis of ionic small 
molecules and conjugated polyelectrolytes (CPEs). A succinct synthesis utilizing low-cost 
reagents affords a wide variety of functionality in these mixed aromatic-quinoidal systems that 
are otherwise difficult to access. Electrochemical measurements alongside theoretical 
calculations indicate notably low-lying LUMO values for the iAQM species. The optical band 
gaps measured for these compounds are highly tunable based on structure—ranging from 
2.30 eV in small molecules down to 1.22 eV in polymers. The iAQM small molecules and 
CPEs showcase the effects of combining the donor-acceptor strategy and the bond-length 
alternation reduction strategy of band gap reduction. To make use of their notable optical 
properties, the application of the iAQM CPEs as active agents in photothermal therapy was 
also demonstrated.
Introduction
Conjugated polyelectrolytes are a class of polymeric organic materials featuring 
conjugated backbones with pendent ionic groups.1-15 These features imbue CPEs with high 
polarity and crystallinity as well as the semiconducting properties. CPEs are also unique 
amongst conjugated polymers in that they are more likely to exhibit amplified fluorescence 
quenching effects, are capable of forming unique structures through layer-by-layer deposition, 
and in some cases, may exhibit the ability to self-dope.2-7 The unique properties of CPEs have 
led to their extensive use in optoelectronics, sensing, and imaging applications.3-9,16 CPEs are 
also being utilized as active materials in novel device architectures incorporating both ionic 
and electronic conduction—a necessary combination of properties in some neuromorphic 
computing and bioelectronics applications.10,11,16-18
Photothermal therapy (PTT) is a proposed method of treating various health maladies 
including antibacterial-resistant infections and cancer.5,12,13,19-21 PTT makes use of an active 
chemical agent that absorbs light and dissipates the energy as heat. Gold nanoparticles and 
carbon allotropes have most extensively been explored as the active agents in PTT, but both 
suffer from the lack of any known metabolic breakdown pathway and are thus assumed to be 
deleterious over long periods of time.21 Conjugated polymers are well-suited for use as active 
agents in photothermal therapy due to their relatively large molar absorption coefficients, good 
photostability, and the possibility of their biodegradability.19,20 NIR absorbance in photothermal 
agents allows for access deeper into tissue, and a lack of fluorescence in an anoxic 
environment indicates that nonradiative relaxation pathways are prominent.5,19-21 CPEs may be 
uniquely suited for use as photothermal agents due to the possibility for their water-solubility 
and—given positively charged side-chains—their ability to adhere to bacterial membranes.5,12,13 
Still, there are few examples of CPEs being used for photothermal therapy.12
In many CPEs, the ionic substituents are situated on the ends of pendant alkyl chains, 
and are thus spatially separated from the conjugated main chain (Scheme 1a).1-11,15 The 
electronic properties of CPEs are then primarily determined by the main chain structure, while 
the ionic groups have only marginal effects on the electronics. There have been a small 
number of examples in which carboxylate or sulfonate groups are directly attached to the main 
chain of a CPE, but no exploration of the electronic effects of the ionic substitution was 
undertaken in these cases.7,14,15,22,23 Direct bonding of ionic groups to the polymer main chain in 
CPEs represents an effective strategy to tune the electronic structures of CPEs, however it 
remains largely unexplored, possibly due to the lack of suitable conjugated ionic building 
blocks (Scheme 1a).
Scheme 1. (a) Illustration of two different types of CPEs; (b) structural diagram of the 
dicationic iAQM as a building block for CPEs (Nu: neutral nucleophiles such as 
pyridine, triphenylphosphine, etc.)
For many of the applications of CPEs, it is necessary to have control over both the size 
of the band gap and the frontier molecular orbital (FMO) energy levels. The direct conjugation 
of electron-donating and accepting groups has been a widely used strategy to rationally tune 
the band gaps of conjugated polymers to date.24-27 However, the incorporation of quinoidal 
building blocks into otherwise aromatic conjugated polymers represents a complementary 
band gap reduction strategy.27-30 The reduction in bond-length alternation (BLA) accompanying 
the introduction of quinoidal units into a conjugated polymer destabilizes its electronic ground 
state and stabilizes its excited states in a relative sense, reducing the band gap while also 
increasing the effective conjugation length.25,27-31 The combination of the mixed donor-acceptor 
strategy with the BLA reduction strategy represents a powerful combination for the reduction in 
band gap, while also allowing for more freedom in the overall electron donating or accepting 
character of the polymer.27-30 
Perhaps the simplest quinoidal building block that could be incorporated into a 
conjugated polymer would be the quinoidal analog of benzene—also known as para-
quinodimethane (p-QM). p-QM and its nitrogen-substituted analog, 2,5-dimethylene-2,5-
dihydropyrazine (DDHP), are highly reactive quinoidal molecules that spontaneously 
polymerize under ambient conditions, restricting their incorporation into conjugated polymeric 
systems.32 Recently, the synthesis of the para-azaquinodimethane (AQM) motif—a DDHP 
derivative—was detailed.33 Notably, these AQMs are stable under both ambient atmospheric 
conditions and standard organic chemical handling, permitting one of the simplest quinoidal 
building blocks to be incorporated into conjugated polymers that were shown to display high 
mobilities in organic field-effect transistor architectures.33
The ionic azaquinodimethane compounds described herein showcase the electronic 
effects of direct substitution of a quinoidal DDHP core with ionic groups (Scheme 1b). The 
direct ionic substitution of the AQM ring yields strongly electron-withdrawing moieties with 
small, highly tunable band gaps that can be further incorporated into conjugated 
polyelectrolytes. These ionic and conjugated building blocks are soluble in polar organic 
solvents, and are stable to further chemical modification. The iAQM-based CPEs so generated 
show absorbances reaching into the NIR, displaying the efficacy of combining the donor-
acceptor strategy with the BLA reduction strategy in the design of conjugated polymeric 
materials.26,33,34
Results and Discussion
Materials Synthesis
As shown in Scheme 2, Knoevenagel condensation of various aryl aldehydes 2a-c with 
1,4-diacetyl-2,5-diketopiperazine (1) afforded 2,5-diarylidine-3,6-diketopiperazine-diones 3a-
c.35 Attempts to generate activated intermediates from 3a-c using phosphorous(V) oxychloride 
and phosphorous tribromide proved unsuccessful. However, subjecting 3a-c to 
trifluoromethanesulfonic anhydride (Tf2O) in the presence of pyridine in CH2Cl2 yielded 
exclusively O-triflated AQMs 4a-c in high yields—except in the case of 4c where the lower 
yield is ascribed to the poor solubility of the starting material. Subsequent triflate displacement 
reactions on 4a-c occur readily in the presence of a variety of neutral nucleophiles including 
pyridine, 4-(dimethylamino)pyridine, and triphenylphosphine to give iAQMs 5a1-3, 5b1-2, and 
5c1-2 that can be easily purified after anion exchange. The iAQM compounds are quite 
soluble in polar organic solvents such as acetone, acetonitrile, DMF, and DMSO, and are 
stable to further chemical treatment. The bromothiophenylidine derivative 5b1 was further 
functionalized via Stille coupling to yield 5c1 (Scheme 3a), which is difficult to access via the 
method used to access the other small-molecule iAQMs. Notably, 5b2 can be polymerized via 
a mild room-temperature Stille polymerization to yield conjugated polyelectrolytes P1 and P2 
with ionic groups directly bound to their respective conjugated main chains (Scheme 3b). The 
AQM conjugated polyelectrolytes were found to display reasonable stability, and did not 
degrade during normal handling under ambient conditions (Scheme S7 and S8).
Scheme 2. The synthesis of a variety of iAQM small molecules via ditriflate 
intermediates
Scheme 3. The synthesis of (a) an extended iAQM small molecule 5c1, and (b) two iAQM 
CPE via Stille coupling.
Single-crystal X-ray Structure Analysis
The structures of compounds 5a1, 5a3, 5b1, 5b2 and 5c2 were unambiguously 
determined by single-crystal X-ray analysis (Figures 1 and S1). In all of the above-mentioned 
crystal structures, the central AQM ring and the thiophenylidene groups assume a coplanar 
structure, and the quinoidal nature of the central AQM ring is made clear in the bond length 
alternation pattern. An S-N interaction is observed in all of the obtained structures except for 
that of 5c2, which is presumably disfavored due to steric hinderance. In these structures, the 
nitrogen atoms of the central AQM ring and the sulfur atoms of the closest thiophene rings 
face each other with S-N distances significantly shorter (2.898 Å for 5a1 and 2.937 Å for 5a3) 
than the sum of the van der Waals radii of nitrogen and sulfur atoms (3.35 Å), suggesting a 
stabilizing interaction. The S-N distances in the iAQMs are all, however, comparatively longer 
than the S-N distance of 2.800 Å observed in the charge neutral AQM units.33 The pendant 
cationic groups in the structures obtained for the iAQMs display consistent geometries wherein 
the two pyridinium rings in 5a1 and 5b1 are coplanar with each other and offset from the AQM 
plane by 52° and the triphenylphosphonium units above and below the AQM ring in 5a3, 5b2, 
and 5c2 take on positions 60° offset from each other. None of the salts show π-π stacking in 
the solid state, presumably due to steric interactions and electrostatic repulsion imposed by 
the out-of-plane pyridinium and bulky triphenylphosphonium groups (Figure S1). In all cases, 
each dicationic molecule is paired with two disordered anions—either hexafluorophosphate or 
trifluoromethanesulfonate—and in some cases is co-crystallized with solvent molecules.
(a) (b) (c)
(d) (e)
Figure 1. Capped-stick representations of the X-ray structures of (a) 5a1, (b) 5a3, (c) 5b1, (d) 
5b2, and (e) 5c2. Anions and solvent molecules are omitted for clarity. Note that there is 
disorder of the outer thiophene units in (e) (see Note after Figure S1).
Optical and Electrochemical Properties
The optical absorption properties of the iAQM small molecules and CPEs are 
summarized in Table 1 and Figures 2a and S3. The UV-Vis-NIR spectrum of each iAQM small 
molecule is dominated by a single transition in the visual region — ascribed to the 0–1 π–π* 
transition, which can be easily shifted via the substitution of either the arylidene group or the 
cationic substituent. As evinced by the shift in absorption maximum from λ = 526 nm in the 
case of thiophene-derived 5a3 to λ = 555 nm and 634 nm in the cases of the bromide 5b2 and 
the bithiophene-derived 5c2, respectively, both the extension of π-conjugation along the 
arylidene axis and the introduction of electron-withdrawing groups lead to a red-shift in the 
absorption. In addition to the main chain conjugation effect, different cationic groups also 
effectively tune the absorptions. The lowest energy absorption peaks of the 
triphenylphosphonium-containing iAQMs 5a3, 5b2, and 5c2 show red shifts varying from 18 to 
30 nm compared to those of their pyridinium-based counterparts 5a1, 5b1, and 5c1. This is 
consistent with the fact that the triphenylphosphonium group exert a stronger electron-
withdrawing effect than the pyridinium unit (See Figure S3 for additional detail on the small-
molecule iAQM absorbances). In addition, the electronic effect of the cationic substituents is 
demonstrated by comparing the absorption spectra of 5a1 and 5a2, which differs only by the 
introduction of an electron-donating dimethylamino group on the pyridinium rings. The 
absorption maximum of 5a2 (λ = 496 nm) is blue-shifted by about 10 nm compared to that of 
5a1 (λ = 505 nm), suggesting a reduced stabilization effect of the LUMO due to increased 
electron density on the pyridinium rings. iAQM polymers P1 and P2 show broad absorbances 
spanning parts of the visible and NIR portions of the electromagnetic spectrum, with an 
absorption edge at λ = 1010 nm and 940 nm, respectively. The corresponding optical band 
gaps are 1.23 eV and 1.32 eV, significantly smaller than that of the monomer 5b2 and the 
extended oligothiophene derivative 5c2. Additionally, the band gaps of P1 and P2 are also 
significantly smaller than those previously reported for the neutral AQM polymers, highlighting 
the greater acceptor character of the iAQM unit.33 Increasing the number of thiophenes per 
repeat unit causes a widening in the optical band gap, corroborating the proposal made to 
explain a similar pattern seen in neutral AQM polymers—dilution of the quinoidal character 
conferred by the AQM moiety in these polymers.33 Fluorescence spectroscopy was also 
performed on the small molecule iAQMs, but no detectable fluorescence was observed (Figure 
S4). This observation indicates the presence of strong nonradiative deexcitation pathways that 
quench fluorescence in the iAQMs, possibly releasing the energy instead as vibrational heat.
Table 1. A summary of the relevant data yielded by optical, electrochemical, and 
computational characterizations of the iAQM compounds reported
Optical Electrochemical Computational
Compoun
d
λmax 
(nm)
εmax
(L⋅mol-1⋅cm-1)
λonset 
(nm)
Eg 
(eV)
Ered 
(V)
Eox 
(V)
HOMO 
(eV)
LUMO 
(eV)
Eg 
(eV
)
HOMO 
(eV)
LUMO 
(eV)
Eg 
(eV)
5a1 505 5.75E+04 555 2.23 -0.86
0.8
0 -5.60 -3.94
1.6
6 -5.17 -3.22 1.95
5a2 502 4.57E+04 538 2.30 -0.98
0.7
0 -5.50 -3.82
1.6
8 -4.76 -2.63 2.13
5a3 526 3.70E+04 587 2.11 -0.84
0.8
1 -5.61 -3.96
1.6
5 -4.90 -2.95 1.94
5b1 525 5.82E+04 578 2.15 -0.76
0.8
4 -5.64 -4.04
1.6
0 -5.31 -3.39 1.91
5b2 555 5.53E+04 613 2.02 -0.75
0.8
2 -5.62 -4.05
1.5
7 -5.12 -3.22 1.90
5c1 616 2.83E+04 696 1.78 -0.80
0.4
6 -5.26 -4.00
1.2
6 -4.90 -3.28 1.62
5c2 634 4.11E+04 725 1.71 -0.78
0.5
0 -5.30 -4.02
1.2
8 -4.71 -3.19 1.52
P1 806 1.84E+04a 1015 1.22 -0.69
0.2
4 -5.04 -4.11
0.9
3 -- -- --
P2 768 9.69E+03a 933 1.33 -0.71
0.2
7 -5.07 -4.09
0.9
8 -- -- --
aCalculated assuming that the polymeric material was comprised solely of its repeat unit.
Electrochemical studies of iAQM compounds in solution were carried out using a 
conventional three-electrode setup and the ferrocene/ferrocenium (Fc/Fc+) redox pair as 
internal reference. The cyclic voltammetry (CV) traces of each iAQM small molecule and CPE 
display irreversible oxidation and reduction peaks (Figures 2b and S5), from which an 
electrochemical band gap and frontier orbital energies can be estimated. As shown in Table 1 
and Figure 2c, the electrochemical band gaps of these salts are significantly but consistently 
smaller than their respective optical band gaps. The LUMO energies obtained 
electrochemically for the iAQMs are also notably low, indicating the strong electron-
withdrawing effect of the ionic groups on the AQM ring. These LUMO values also place the 
iAQM building block as a notably strong acceptor unit—with the 5a series displaying 
significantly lower LUMOs than many other common acceptor units with analogous 
substitution, with similar values seen in the other iAQMs (Figure S7 and Table S1). The strong 
accepting nature of the iAQMs stands in stark contrast to the electronics displayed by the 
charge-neutral AQM small molecules, for which the extrapolated LUMOs are -2.91 and -3.10 
eV.33 This discrepancy may hint that the AQM ring itself is not as strongly accepting as one 
may presume based on its structural homology to other strongly accepting motifs, but is readily 
made into a strong electron accepting unit upon the introduction of electron-withdrawing side 
groups. CVs of P1 and P2 indicate that they may be even stronger electron acceptors than the 
small molecule iAQMs, and yield electrochemical band gaps reaching below 1 eV, consistent 
with the trends seen in the optical measurements (Figure 2c and Table 1).
Figure 2. (a) UV-Visible-NIR spectra of iAQM small molecules and polymers. (b) Cyclic 
voltammograms of iAQM compounds (referenced to the Fc/Fc+ redox couple). (c) A 
comparison of the band gaps of each iAQM compound obtained experimentally via optical 
(Opt.) and electrochemical (Elec.) measurements as well as computational (Comp.) 
predictions thereof.
Theoretical Modeling of Frontier Molecular Orbitals 
Density Functional Theory (DFT) calculations were undertaken in order to elucidate the 
nature of the electronic properties of the small molecule iAQMs. Optimized ground state 
geometries were established using the 6-31G* basis set for all of the iAQM small molecules, 
and single-point energy levels were determined using the B3LYP functional at the 6-31G* level 
with a linear correlation correction.36 Two chloride anions were included in the calculations as 
counter-ions in order to yield reasonable total energies and HOMO/LUMO energy values. 
Additionally, the geometries of the iAQM small molecules were modeled again after removing 
the chloride anions in order to visualize the frontier molecular orbitals. The results of these 
calculations are summarized in Table 1 and Figures 2, 3, S2, and S6. The calculated band 
gaps of iAQM small molecules consistently fall between the optically and electrochemically 
predicted gaps, and all three follow a similar trend. However, the calculated frontier energy 
levels are consistently higher than those of the electrochemically determined levels. Of 
particular note in the orbital density diagrams is the clear quinoidal nature of the central AQM 
ring in the HOMO diagram, which is replaced by aromatic character in the LUMO. Additionally, 
these calculations show clearly that the triphenylphosphonium groups in compounds 5a2, 5b2, 
and 5c2 display little to no orbital density and most likely act solely as strong inductively-
withdrawing groups. In contrast, the pyridinium groups in compounds 5a1, 5b1, and 5c1 
contribute substantially to the LUMO orbital density and may in this way contribute more than 
just inductively to the energetics of these compounds. Breaking with this trend, the 
dimethylaminopyridinium group of 5a3 shows little orbital density in its LUMO map, perhaps 
due to the electron donating effects of the dimethylamino group (Figure S2).
5a1
5a2
HOMO LUMO
Figure 3. The HOMO and LUMO orbital density maps for iAQMs, 5a1 and 5a2, modeled 
without anions and viewed normal to the plane of the AQM ring.
Photothermal Effects
The NIR absorbance of the P1 and P2, along with the lack of fluorescence observed in 
the small-molecule iAQMs indicated that the iAQM CPEs may perform well as active agents in 
photothermal therapy. Upon irradiation with an 808 nm laser, solutions of P1 of different 
concentrations warmed over time—a necessary property for the application of P1 as a 
photothermal therapy agent (Figures 4a and 4b). Higher concentrations of P1 produced higher 
temperature solutions the same amount of time under irradiation, with the temperature of 
water remaining nearly constant over the same irradiation time in the absence of P1. A 
concentration of 30 μM P1 warmed the solution to 50.6 °C in 5 minutes, a temperature that 
can cause the death of bacteria through damage to proteins and lipids on the bacterial cell 
membrane.37 The extent and speed of warming in such dilute solutions of P1 indicated that it 
possesses excellent photothermal properties, thus it was next used as the active agent in 
antibacterial photothermal therapy (PTT). Staphylococcus aureus (S. aureus), a ubiquitous 
and dangerous pathogen, was used as a model system for PTT. Photographs of S. aureus 
colonies exposed to different conditions demonstrated that 808 nm laser irradiation alone had 
little effect on the growth of S. aureus, reducing colony count by only 10% (Figures 4c and 4d). 
Without laser exposure, the application of P1 solutions (30 μM) caused a 30% colony count 
reduction, whereas there was a 95% reduction in bacterial colony count after 5 min of 808 nm 
laser irradiation with P1. These results show that P1 is a strong candidate as an active agent 
for antibacterial PTT, and also provides one of the first examples of the use of a CPE as an 
active agent in PTT.
0  m in 1  m in 2  m in 3  m in 4  m in 5  m in
5 0  μ M
0  μ M
1 0  μ M
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4 0  μ M
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5  μ M
(a) (b)
(c) (d)
Figure 4. (a) The variation in temperature of aqueous solutions with different concentrations of 
P1 over five minutes of irradiation (808 nm laser, 1 W/cm2). (b) IR thermal images of aqueous 
solutions with different concentrations of P1 over five minutes of irradiation (808 nm laser, 1 
W/cm2). (c) Photographs of S. aureus colonies with (+P1) and without (-P1) exposure to P1 (30 
μM) both with and without laser irradiation for five minutes (808 nm, 850 mW/cm2). (d) 
Quantized S. aureus colony reduction data for P1 with and without 808 nm laser irradiation.
Conclusion
Through this detailed exploration of the iAQM unit—including its synthesis and 
incorporation into a novel class of low band gap conjugated polymers with applications in 
photothermal therapy—we have demonstrated the first example of an ionic quinoidal 
conjugated ring system being used as a building block in low band gap CPEs. The synthesis 
of the iAQMs presented herein features high overall yields, functional group versatility, as well 
as the use of low-cost and widely-available reagents. Optical, electrochemical, and theoretical 
studies revealed that the ionic substituents endow the iAQM molecules with low-lying LUMO 
energy levels as well as small and highly tunable band gaps. The efficacy shown above in 
tuning the energetics of a quinoidal conjugated polyelectrolyte system using direct ionic 
substitution reveals future opportunities in using this strategy to generate more functional ionic 
semiconductors with desirable optoelectronic properties.
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